Background: This study investigated the effects of position on heart rate variability (HRV) in patients some years after orthotopic heart transplantation (OHT) surgery. Methods: Spectral HRV analysis was performed on 15 patients after OHT and 16 patients with coronary artery disease (CAD). HRV measures were compared between OHT and CAD patients in four randomly ordered positions [supine, right lateral decubitus (RLD), left lateral decubitus (LLD), and upright]. Multivariable linear regression analysis was used to identify the factors associated with cardiac function and HRV of OHT patients in supine position, and the factors associated with the outcome (OHT or CAD) of the patients. Results: The powers in all frequency ranges were significantly decreased in all four positions in OHT patients about 9 years after OHT surgery, as compared with those of CAD patients. Both RLD and LLD positions can lead to a significantly higher normalized high-frequency power in OHT patients than the supine position, as compared with the CAD patients. The LLD position seemed to be better than the other recumbent positions in terms of vagal enhancement in the OHT patients. Multivariable linear regression analysis showed that the left ventricular ejection fraction of OHT patients can be predicted from a linear combination of the OHT to HRV interval, and normalized very low-frequency power in the supine position. Furthermore, better cardiac function and the presence of cardiomyopathy would increase the necessity of OHT surgery, while the use of nitrates would decrease the necessity of OHT surgery. Conclusion: Both the RLD and LLD positions, especially the LLD position, can lead to a higher vagal modulation in OHT patients about 9 years after OHT surgery, provided that the HRV measures can still be regarded as indicators of autonomic nervous modulation in such patients. Moreover, left ventricular ejection fraction, cardiomyopathy, and the use of nitrates were all associated with the necessity of OHT surgery.
Introduction
Power spectral analysis of interbeat intervals of heart beating has shown that sympathetic and vagal nervous activities make frequency-specific contributions to the heart rate (HR) power spectrum. 1 The method used for short-term HR variability (HRV) analysis has been standardized where the areas under the spectral peaks within specific frequency ranges are the indicators of cardiac autonomic nervous modulations. 2 Many studies have demonstrated the significant relationship between autonomic nervous modulation and cardiovascular diseases. For instance, patients with coronary artery disease (CAD) and acute myocardial infarction have depressed cardiac vagal modulation, 3e5 and low vagal modulation is associated with elevated morbidity and mortality. 6, 7 Both exercise and drugs have been proven to be effective in improving the cardiac autonomic regulation and cardiac outcome of the patients. 8, 9 In addition to exercise and drugs, right lateral decubitus (RLD) position can also lead to the highest vagal modulation and the lowest sympathetic modulation among three recumbent positions in normal individuals and in patients with severe CAD and acute myocardial infarction. 10e12 The mechanism underlying this effect of position on autonomic nervous modulation is speculated to be related to the anatomical position of the heart relative to the superior and inferior vena cava, and the aorta. Since the rate and strength of the beating heart are controlled by the vagal and sympathetic nerves, the innervation of the heart should play an important role in the effects of positions on the autonomic nervous modulation of the heart. Although there are many studies investigating HRV and cardiac reinnervation in patients after orthotopic heart transplantation (OHT) surgery, no studies reported the effect of position on the HRV in this population. Therefore, this study intended to investigate whether the effects of position on the HRV measures are still present in patients some years after OHT surgery.
Methods

Patients
This prospective case-control study enrolled 15 patients into the study group who had undergone OHT surgery for at least 3 years. Because the underlying diseases of the OHT patients were dilated or ischemic cardiomyopathy, or previous myocardial infarction, and because position has been shown to have an effect on the HRV measures in patients with CAD and acute myocardial infarction, 10, 11 we chose patients with CAD as the control group for comparison in this study. The control group consisted of 16 age-and gender-matched CAD patients. Patients who had a pacemaker or arrhythmia, or were taking hypnotics or tranquilizers, were not included.
This study has been approved by the Institutional Review Board of Taipei Veterans General Hospital, and all patients signed informed consents before the study.
Electrocardiographic recording
All participants were instructed to refrain from any caffeinated or alcoholic intakes within 24 hours prior to ECG recording. Three electrodes were placed on each patient, with the first one at the right clavicle, the second one at the left lower chest, and the third one at the right lower chest. The ECG signals of the patient in four positions [supine (S), RLD, left lateral decubitus (LLD), and upright] were obtained by an ECG monitor (MP36, Biopac multichannel recorder, Goleta, CA, USA) and transmitted to and stored in a notebook computer for 12 minutes so that at least 512 interbeat intervals can be used for later spectral HRV analysis. The sampling frequency for ECG recording was 500 Hz. The order of the four positions assumed by the patient was randomized, and a 5 minute rest was taken by the patient between positions. During the ECG recording period, the patient was asked to relax with eyes closed to avoid visual interference from the environment. If there was any discomfort such as chest pain or shortness of breath, the ECG recording was discontinued. A patient who had unsuitable ECG data due to atrial or ventricular arrhythmia for more than 5%, was excluded from the study.
Time and frequency domain HRV
At least 512 heart periods were obtained for spectral HRV analysis. Both time and frequency domain indices of HRV were calculated. The time domain indices used in this study included HR, and the mean (mRRI), standard deviation (SD RR ), coefficient of variation (CV RR ), and root mean squared successive differences (rMSSD) of the RR intervals. The frequency domain indices of HRV were obtained by means of fast Fourier transformation (Mathcad Software, Mathsoft Inc., Cambridge, MA, USA). The area of the spectral peaks within the ranges of 0.01e0.4 Hz, 0.01e0.04 Hz, 0.04e0.15 Hz, and 0.15e0.4 Hz were defined as the total power (TP), very low-frequency power (VLFP), lowfrequency power (LFP), and high-frequency power (HFP). 2 The normalized HFP (nHFP ¼ HFP/TP) was used as the index of vagal modulation, the normalized low-frequency power (nLFP ¼ LFP/TP) as the index of sympathetic and vagal modulations, the normalized very low-frequency power (nVLFP ¼ VLFP/TP) as the index of rennin-angiotensinaldosterone system and vagal withdrawal, and the lowfrequency/high-frequency power ratio (LHR ¼ LFP/HFP) as the index of sympathovagal balance.
The percentage changes in HRV measure X when the position was changed from supine to the RLD position (X S-RLD ) or LLD position (X S-LLD ) were calculated using the following formulae:
where X S , X RLD , and X LLD stand for the HRV measure X in supine position, RLD position, and LLD position, respectively.
Statistical analysis
The data of HRV measures are presented as median and interquartile range (IQR). The comparison between the OHT group and the CAD group was performed by using the MannWhitney rank sum test for continuous variables and the Chisquare test or Fisher's exact test for categorical variables. Friedman repeated measures ANOVA on ranks was used to compare the HRV measures among different positions. The post hoc analysis was performed using the Student-NewmanKeuls test for multiple comparisons.
Multivariable regression analysis was performed to identify the confounding factors associated with the cardiac function and HRV measures of OHT patients in the supine position, and to identify the most important factors or predictors that could account for the outcome of the patients. The correlation between HRV measures and other continuous variables such as %X S-RLD and %X S-LLD were evaluated by Pearson's correlation coefficient.
All analyses were performed with the help of SigmaPlot 13.0 (Systat Software Inc., San Jose, CA, USA). A p value < 0.05 was considered statistically significant.
Results
Patient characteristics
In the OHT group, five of the 15 patients had surgery due to dilated cardiomyopathy, seven patients due to ischemic cardiomyopathy, and three patients due to acute myocardial infarction. The median durations from OHT to HRV analysis were 9.0 (IQR ¼ 2.0e11.6 years). In the control group, all patients had luminal narrowing >50% by coronary angiography. Four of the 16 patients in the CAD group had double vessel disease and the other 12 patients had triple vessels disease.
As shown in Table 1 , the median left ventricular ejection fraction (LVEF) of the CAD patients was 46% (IQR ¼ 27e56%), which was significantly lower than that of the OHT group [55% (IQR ¼ 53e64%), p ¼ 0.004]. The OHT group had body mass index similar to that of the CAD group. Regarding patient medical history, there were no significant differences between the OHT and CAD groups, except for the higher incidences of cardiomyopathy (80.0% vs. 6.3%, p < 0.001) and hyperlipidemia (93.3% vs. 37.5%, p ¼ 0.002) in the OHT group. Regarding medication, the OHT patients were taking significantly more immunosuppressants (100% vs. 0%, p < 0.001) and lipid-lowering drugs (93.3% vs. 20.0%, p < 0.001) than the CAD patients, and were taking fewer nitrates (26.7% vs. 100%, p < 0.001) and aspirin (13.3% vs. 53.3%, p ¼ 0.050) than the CAD patients (Table 1) .
Time domain HRV measures
In the time domain, patients in the OHT group had significantly greater HR and significantly smaller mRRI, SD RR , CV RR and rMSSD than the CAD group in all four positions, except the mRRI in the supine position ( Fig. 1 ). In the CAD group, comparing the four positions showed that the HR in the LLD position was significantly smaller than that in the supine, RLD, and upright positions. Additionally, the mRRI in the LLD position was significantly greater than those in the supine, RLD, and upright positions (Fig. 1 ). In the OHT group, the CV RR in the LLD position was significantly greater than that in the RLD position, while the CV RR in the RLD position was significantly greater than that in the supine position. The CV RR in the upright position was significantly smaller than that in the LLD and the supine positions (Fig. 1). 
Frequency domain HRV measures
In the frequency domain, the OHT patients had significantly smaller TP, VLFP, LFP, and HFP than the CAD patients in all four positions. No significant differences in nVLFP, nLFP, nHFP, and LHR between the OHT group and the CAD group were observed in all four positions, except that the nVLFP in the upright position, the nLFP in the LLD position, and LHR in the RLD position were significantly lower in the OHT patients (Fig. 2) .
Comparison among four positions showed that there were no significant differences in all frequency domain HRV measures among the four positions in the CAD group (Fig. 2) . In the OHT group, however, the VLFP, nLFP, and nHFP were significantly different among some positions. The VLFP in the supine position was significantly greater than that in the right and LLD, and the upright positions. The nLFP in the upright position was significantly higher than that in the supine position, and the right and LLD position (Fig. 2) . On the other hand, the nHFP in the right and LLD positions were significantly greater than that in the supine position, and the nHFP in the upright position was significantly smaller than that in the supine, right and LLD positions (Fig. 2) .
Correlations between HRV measures and clinical characteristics in OHT group
The LVEF correlated significantly and negatively with the duration from OHT surgery to the date of HRV analysis (Fig. 3, upper panel) , and significantly and positively with the nVLFP in the supine position (Fig. 3, lower panel) . None of the HRV measures correlated significantly with the duration between OHT surgery and the HRV analysis. There were no significant correlations between HRV measures and body mass index in the OHT patients.
Multivariable regression analysis was performed to identify the factors associated with cardiac function and HRV measures of OHT patients in supine position. We found that the nVLFP in the supine position could be predicted from LVEF in OHT patients: nVLFP ¼ À43.357 þ 1.533 Â LVEF, p ¼ 0.036, and that the LVEF could be predicted from a linear combination of OHT to HRV interval and supine nVLFP:
Effect of changing position on HRV measures
The percentage change in nHFP after the position was changed from supine to LLD (nHFP S-LLD ), and correlated significantly and negatively with the nHFP in the supine position (nHFPs) in OHT patients (Fig. 4) . There was no significant correlation between the percentage change in nHFP after the position was changed from supine to RLD (nHFP S-RLD ) and nHFPs (Fig. 4) .
Clinical factors associated with the outcome of the patients
Multivariable linear regression analysis was also performed to identify the most important factors that could account for the outcome of the patients. We designated the CAD group as 0, the OHT group as 1, and included the clinical variables that were significantly different between CAD and OHT groups in Table 1 in the multivariable linear regression analysis, and found that the LVEF, cardiomyopathy, and the use of nitrates were all associated with the outcome of OHT surgery: outcome (OHT or CAD) ¼ À0.062 þ 0.011 Â LVEF þ 0.548 Â cardiomyopathy e 0.361 Â nitrate, p < 0.001. All independent variables appeared to contribute to predicting the outcome of the patients. This result suggested that a better cardiac function and the presence of cardiomyopathy could increase the necessity of OHT surgery, while the use of nitrates could decrease the necessity of OHT surgery.
Discussion
This study investigated whether the effects of positions on HRV are still present in patients some years after OHT surgery. The result of the present study showed that both right and LLD position could lead to a higher nHFP, especially the LLD position. LLD position might be a better position for OHT patients if the HRV measures can still be regarded as the indices of autonomic nervous modulation in such patients.
Cardiac reinnervation has been noted in several studies. 18e22 Cornelissen et al 18 showed that the observed increases in TP, absolute low frequency, and high frequency power 141 months after heart transplantation are compatible with partial reinnervation of the cardiac sinus node. Beckers et al 19 pointed out in a 10-year follow-up study that there were three different types of evolution in HRV, with reinnervation patterns present in only a minority of the patients, and the vast majority of the patients show no signs of reinnervation. In 2005, Havlicekova and Jurko 20 reported that the total HRV and parameters describing parasympathetic activity were decreased in patients after cardiac transplantation, and that the low frequency band was increased 4 years after transplantation, suggesting a possible sympathetic reinnervation of the heart. Uberfuhr et al 21 showed that an increase in the high frequency band suggests a parasympathetic reinnervation. Lovric et al 22 showed that eventual sinus node sympathetic reinnervation and left ventricular sympathetic reinnervation do not occur simultaneously. Regitz et al 23 found that myocardial catecholamines were undetectable up to 5 years after transplantation in most heart transplant patients. In this study, we noted that the OHT patients had significantly smaller time and frequency domain HRV measures as compared with the CAD patients, suggesting that denervation of the heart by OHT surgery has abolished most variability of HR with some residual HRV in the OHT patients. We also found that both RLD and LLD positions could lead to a higher nHFP in the OHT patients as compared with the CAD patients. Our findings suggested that the vagal modulation was increased when the patients assumed the RLD or LLD position, if the HRV measures can still be regarded as indicators of autonomic nervous modulation in the OHT patients some years after the surgery. 24 It is possible that reinnervation might have occurred to some extent so that the changes in HRV measures might still represent the changes in autonomic nervous modulation about 9 years after OHT surgery. If this is not the case, then the presence of the effects of positions on the HRV measures suggested that autonomic nervous modulation might not be the sole cause for the change in HRV measures after positional change in OHT patients. Since cardiac iodine-123 metaiodobenzylguanidine imaging has been shown to have a higher prognostic value than HRV parameters in patients with chronic heart failure, this technique might be useful in the identification of cardiac reinnervation in the heart transplant recipients some years after OHT surgery. 25 It has been shown that increased vagal modulation is associated with lower morbidity and mortality. 3, 6, 7 Any means which can enhance the vagal activity of the individual might be associated with a higher survival rate and a lesser morbidity rate. Thus, RLD and LLD positions might be suggested to the patients after OHT surgery to achieve a better vagal modulation, similar to healthy individuals and patients with various kinds of heart diseases.
10e17, 26 The finding of a better nHFP enhancement by changing position from the supine to LLD position in OHT patients suggested that the LLD position might be better than the RLD position for OHT patients, in contrast to the cases in normal individuals and in patients with severe CAD and acute myocardial infarction. In idiopathic dilated cardiomyopathy, the long-term outcome is typically poor and LVEF is a powerful predictor of the survival. 27e29 In addition to LVEF, right ventricular ejection fraction appears to be a complementary predictor of survival in idiopathic dilated cardiomyopathy, suggesting the importance of assessing right ventricular function in this disease. 30 Patients who underwent OHT and died later were more likely to have LVEF <35%, and a quarter of the deceased patients died suddenly; however, a reduced LVEF was not associated with an increased risk of sudden cardiac death. 31 In contrast, it was reported that higher myocardial extracellular volume fraction, but not LVEF, was significantly associated with a reduced rejection-free survival in OHT recipients. 32 In this study, the LVEF of OHT patients was found to correlate significantly and negatively with the time interval between the interval from OHT surgery to the date of HRV analysis (Fig. 3, the upper panel) . The gradual reduction in LVEF might be caused by the aging process and by the progression of underlying cardiovascular disease and immune reaction of the patients that weaken the contractility of the heart. The prognostic value of LVEF in OHT patients deserves further studies to elucidate. The LVEF was also found to correlate significantly and positively with the nVLFP in the supine position (Fig. 3, the lower panel) . The latter finding is realizable, because the nVLFP is often used as the index of rennin-angiotensin-aldosterone system and vagal withdrawal.
In patients with severe CAD and acute myocardial infarction, the percentage change in nHFP was greater than that of the control group when the position was changed from the supine or LLD position to the RLD position.
10e12 This means that patients with more severely depressed vagal modulation in the supine or LLD position can benefit more from assuming the RLD position.
10e12 In this study, we found, similarly, that the percentage change in nHFP when the position was changed from supine to LLD (nHFP S-LLD ) correlated significantly and negatively with the nHFP in supine position (nHFPs) in the OHT patients. This result indicated that patients with more severely depressed vagal modulation in the supine position can benefit more from assuming the LLD position. Because the reduction in vagal modulation correlated positively with angiographic severity, 33 the LLD position should be advised for patients after OHT during recumbency. It is not clear why RLD is best suited for patients with severe CAD and acute myocardial infarction, while LLD is best suited for patients after OHT surgery.
It has already been reported that the HRV of patients after heart transplantation is extremely abnormal compared to normal individuals. Therefore, the HRV of patients after OHT should be closer to patients with various types of heart disease and far away from people without such disease. Although the transplanted heart is relatively normal, the rest of the body such as the cardiovascular system, body composition, and metabolism of the OHT patient are still abnormal. The later factors are supposed to play more important roles in the regulations of body functions and heart beating than the relatively normal transplanted heart because reinnervation in the transplanted heart is still not certain. In this case, normal population may not be the appropriate control group for OHT patients who have suffered from ischemic or dilated cardiomyopathy for years. Since most OHT patients in this study had ischemic cardiomyopathy before the OHT surgery, we chose CAD patients as our control group in this study.
Multivariable linear regression analysis revealed that the nVLFP in the supine position could be predicted from LVEF in OHT patients: nVLFP ¼ À43.357 þ 1.533 Â LVEF, p ¼ 0.036, and that the LVEF could be predicted from a linear combination of OHT to HRV interval and supine nVLFP: LVEF ¼ 58.642 À 0.942 Â (OHT to HRV interval) þ 0.159 Â nVLFP, p ¼ 0.004. This finding suggested that the cardiac function of the OHT patients declined with additional time after surgery and was augmented when the renninangiotensin-aldosterone system and vagal withdrawal of the patients were strong. Multivariable linear regression analysis also disclosed that the LVEF, cardiomyopathy, and the use of nitrates were all associated with the OHT surgery. A better cardiac function and the presence of cardiomyopathy could contribute to the performance of heart transplant surgery, while the response to nitrates could defer the performance of heart transplant surgery. This result appears understandable because the presence of cardiomyopathy necessitates heart transplantation surgery, a better cardiac function of the patients guarantees a better chance of surgical success, while a good response to nitrate therapy suggests that the heart transplantation surgery may not be as necessary. A larger scale study is necessary to validate these findings in the future.
There were several limitations in this study. First, this was an observational study which inevitably had some inherent limitations or bias that could not be fully eliminated, such as the confounding factors associated with OHT surgery. Second, of the 15 patients in the OHT group, five patients were operated on due to dilated cardiomyopathy, seven patients due to ischemic cardiomyopathy, and three patients due to acute myocardial infarction. However, the control group contained no patients with unoperated dilated cardiomyopathy. Overall, this made the controls a less than adequate control group. Finally, due to the limited number of patients in the OHT group, the findings of this study need a larger scale study to verify its result in the future.
In conclusion, both RLD and LLD can lead to the higher vagal modulation in OHT patients about 9 years after OHT surgery, especially the LLD position. The LLD position might be suggested to OHT patients as a safe and effective vagalenhancing modality if the HRV measures can still be regarded as the indices of autonomic nervous modulation in such patients. Multivariable linear regression analysis showed that the LVEF of OHT patients can be predicted from a linear combination of the OHT to HRV interval and nVLFP in the supine position, and that a better cardiac function and the presence of cardiomyopathy would increase the necessity of OHT surgery, while the use of nitrates would decrease the necessity of OHT surgery.
